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METALLURGY 
(Semi-Annual Report, January - June 1958) 
Under the direction of F . H. Spedding, H. A. Wilhelm, 
0 . N. Carlson, P. Chiotti, R . E. McCarley, 
D . T . Peterson and J. F. Smith 
1. Separation Studies 
7 
L 1 Liquid-Liquid Extraction (H. A . Wilhelm and M. L. Andrews) 
Exploratory work has continued on this method of separation of 
inorganic materials. The purification of compounds from which high 
purity metal may be prepared is one of the objectives of this effort. 
Also an object of this work is to obtain information in the investigations 
that will aid in a better formulation of the principles on which such 
separations depend. 
The separation tests have recently been concerned with the use 
of thiocyanate as an agent that promotes the separation of some metals 
by differential distribution of their salts between two immiscible phases. 
Tests on zirconium-hafnium separation have continued with the thiocyanate 
in the presence of sulfuric acid. One of the interfering factors in this 
system is the tendency for a sulfate to precipitate in the extraction. 
8 
Barium and strontium salts generally are contaminants for one 
another and their separation may be effected by crystallization. Ex-
ploratory tests on the separation of these two elements by thiocyanate 
extraction have given indications that a purification might readily be 
made by liquid-liquid extraction. An aqueous test feed solution, con-
taining barium an~,.- strontium chlorides and ammonium thiocyanate, was 
tested for transfer and separation with a number of organic-aqueous 
systems. Fair transfer from the aqueous feed to the organic phase was 
observed with tributyl phosphate, isophorone, cyclohexanol, tertiary 
amyl alcohol, n-amyl alcohol, hexone and isoamyl alcohol (listing in order 
of decreasing transfer). All these systems also gave some separation of 
the strontium and barium except the isophorone . In all cases tending 
toward separation, the strontium distributed more to the organic than 
did the barium. 
1. 2 Separation of Particulate Impurities During Sublimation 
(D. T. Peterson and R . L . Skaggs) 
A report (ISC-1059) entitled "Entrainment of Non-volatile Solids 
in Sublimation at Reduced Pressure" by R. L . Skaggs and D. Peterson 
was distributed. 
A fundamental analysis of some of the factors affecting entrain-
ment in sublimation was proposed and the predictions were :verified 
experimentally by investigation of the separation of particulate silicon 
carbide from ammonium chloride. It was found that for the impurity 
particle size distribution studied, increased system pressure was 
effective in reducing entrainment at a given mass rate of sublimation. 
The separation was also improved at a given pressure by sublimation 
at lower rate. The sublimation rate was found to be a function of 
temperature and pressure. The temperature necessary to initiate 
sublimation was approximately the temperature at which the vapor 
pressure of ammonium chloride equaled the system pressure. Above 
thi s initiation temperature, the sublimation rate increased linearly 
with temperature~ 
9 
Thorium tetrachlor ide of 200 ppm oxygen content was prepared 
by double sublimation at controlled pressure. In the second subli-
mation, the vapor was passed through turnings of thorium metal to 
remov e volatile metal chloride impurities. The purity of the thorium 
tetrachlori de sublimed by this procedure was found to be much superit>r 
to that sublimed at low pressure under a dynamic vacuum. 
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1. 3 Pyrometallurgical Separation of Uranium-233 from Thorium 
(P. Chiotti} 
It has been shown that uranium can be separated from thorium 
by extracting the thorium with magnesium. At temperatures below the 
melting point of uranium (1132°C} the uranium settles out.as a finely 
divided solid. The uranium can be concentrated into a relatively small 
volume, as previously described, and then consolidated by heating to 
above the melting point of uranium to form a separate liquid phase of 
99+ w/o uranium, or it can be . consolidated by the addition of an 
appropriate amount of chromium and heated to just above 860 o C to 
form a separate liquid layer of essentially eutectic composition, 
U-5 . 2 w/o Cr, (mp 860°C). 
If such a process is to be applied to the separation of U-233 from 
h . bl nk f 1 . 1 h d" "b . f t• . p 233 t or1um a et Or ue mater1a ,t e 1str1 uhon o protac m1um, a , 
27. 4 day half life, and fission products between the phases involved is of 
considerable importance. 
1. 3. 1 Distribution of Pa 233 Between Mg-38 w/o Th and 
Uranium-Rich Solutions (P. Chiotti and P. F. Woerner} 
In order to determine the behavior of protactinium in the above 
separation process, Mg-38 w/o Th alloy which had been irradiated at the 
.. 
11 
Argonne National Laboratory to an exposure of 1012 n/ cm2 /sec for one 
hour was equilibrated with either uranium of U-5. 2 w/o Cr eutectic. 
The components were sealed under an argon atmospher~ inside a 
~ 
welded tantalum crucible. The tantalum crucible was then enclosed 
in a graphite crucible fitted with a screw cap top and this assembly 
was in turn sealed inside of a welded low-carbon steel bomb. The 
charge was heated to the desired temperature in a rotating resistance 
furnace. The furnace was mechanically rotated back and forth through 
an arc of approximately 180 degrees in order to break up interphase 
films and bring the phases into intimate contact. Thorough agitation 
of the charge was found to be very important in attaining equilibrium in 
a reasonable period of time. 
After equilibration the charge was permitted to settle at 
temperature and cooled according to a predetermined schedule . The 
resulting cylindrical ingot was cut into horizontal sections and the 
magnesium-rich and uranium-rich phases analysed for protactinium. 
Analyses were made by dissolving the sections and taking aliquots for 
counting. The 90 kev gamma-ray transition of Pa233 was counted with 
a scintillation counter and spectrometer. 
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Results obtained on equilibration of irradiated Mg- 38 w/o Th with 
U-5. 2 w/o Cr ar.e given in Tables I and II. Sample numbersindicate sue;.. 
Table I 
Distribution of Pa between Mg- Th and U- Cr Phases 
Sample Weight (gm) Specific 104 cts 
Activity minx gm 
Original Mg- Th 62 470 
Mg-Th Phase -1 3.7 3.9 
-2 7.7 2.4 
-3 5.7 3.9 
-4 6.0 3.2 
-5 2.2 5.5 
3. 8 :1: 0. 5 Ave. 
Interface -6 18. 8 14.4 
Original U-Cr lOJ.. 5 
U-Cr Phase -7 20.7 272. 
-8 11. 9 257. 
-9 16. 9 250. 
-10 21. 3 245. 
~
256 :1: 6 Ave. 
l3 
Table II 
Distribution of Pa between Mg-Th and U-Cr Phase::; 
Sample Weight (gm) Specific 104 cts 
Activity minx gm 
Original Mg- Th 66 . 6 lJ J ) 
M g- Th Phase -1 -1: 4 r· :J . 24 
- 2 2 . s 3. J 2 
- 3 2 7 3 . 16 
- 4 2 2 3 . 31 
-5 7 . 6 3. 03 
-6 4. 3 3. 10 
-7 2 . 5 3 . 82 
-8 3. 3 3. 58 
-9 3. 6 4 . 15 
-10 3. 2 5 . 40 
-11 L 9 5 . 33 
3. 92 Ave . 
Interface -12 3. 2 542 . 0 
Inte r fac e -13 2 . 7 1070 - 0 
Original U- Cr 96 . 5 
U-Cr Phase -14 21. 8 598 
-15 12 . 4 575 
-16 10 . 0 589 
-17 10. 5 583 
586 Ave . 
Mg-Th Phase 3 . 9 49 . 8 
Turnings 
U-Cr Phase 9 . 6 642 
Turnings 
14 
cessive horizontal sections taken from top to bottom of the ingots. The 
data in Table I represent the analyses of a charge consisting of 62 grams 
of Mg-Th and 101. 5 grams of U-5. 2 w/o Cr which was mixed at 980°C 
for 11/2 hours, then permitted to settle for 1 1/2 hours in the temperature 
range of 950 to 870°;(:; and finally furnace-cooled to room temperature. 
During mixing the charge rotated back and forth through an arc of 180 
degrees at the rate of once a minute . In this case the outer surface of 
the ingot was not machined off prior to sectioning. It was observed that 
some of the protactinium concentrated on the surface of the Mg-Th phase 
and particularly on the Mg - Th/U-Cr interface. In subsequent experiments 
the procedure was changed in two respects : the charge was more vigorously 
agitated at temperature, approximately 50 ostillations per minute, in 
order to assure attainment of equilibrium and the outer surfaces of the 
solidified ingots were machined off and analysed separately. The data 
presented in Table II were obtained from a charge processed in this 
manner. In this case the charge was mixed at 980 ± l5°C for 11/4 hours, 
permitted to settle for 1 hour at 980 ° C, 1 hour at 870°C, 1 hour at 660°C 
and finally furnace-cooled to room temperature. By employing a 
· .. 
longer settling period at temperatures above the freezing point of the 
U-Cr phase ( 860°C} and again just above the freezing point of the 
15 
Mg- Th phase ( 585 o C), it is felt that a more complete precipitation of 
uranium and chromium with accompanying protactinium is achieved. 
The considerably higher activity of samples 12 and 13 in Table II 
indicates that an appreciable amount of precipitation takes place on 
cooling from the solidification temperature of the U-Cr phase to the 
freezing point of the Mg-Th eutectic. However, the particularly high 
activity of sample 13 and the concentration of activity at other interfaces, 
as indicated by the analyses of the turnings and sample Lis probably 
due, in part at least, to segregation of impurities such as oxides, 
carbides or intermetallic compounds . 
Excluding the interface sample 6, the data in Table I shows that 
99 . 1% of the protactinium in the Mg-Th phase has been removed for a 
decontamination factor of 123. The distribution coefficient, c/m/g in 
the uranium-rich phase divided by the c/m/g in the magnesium-rich 
phase, is 68. J The percent of the total initial activity accounted for 
by the analyses of the two phases is 90 . 5 . The tantalum crucible walls 
showed a rather high activity after removal of the ingot and presumably 
the 9. 5% not recovered remained with the crucible. 
Similarly,the data in Table II shows that 99. 6% of the protactinium 
in the Mg- Th phase has been removed for a decontamination factor of 
255. In this case the distribution coefficient is calculated to be 149 and 
the percent recovery of the protactinium is 9 3 percent. 
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A sample of irradiated Mg- 38 w/ o Th was similarly equilibrated 
with pure uranium . A charge consisting of 26 . 5 grams of Mg-Th alloy 
and 95.4 grams of uranium were mixed at 1160-1180°C for 30 minutes, 
permitted to settle at 1180 - 1132 ° C for 30 minutes, at 660 °C for 45 minutes 
and finally furnace cooled to room temp~rature . Analyses of the resulting 
ingot are given in Table III. The distribution of Pa 2 33 activity in this sample 
Table III 
Distribution of Pa between Mg-Th and Uranium Phases 
Sample Weight (gm) Specific 104 cts 
Activity minx gm 
Original Mg- Th 26 . 5 100 . 0 
Mg-Th Phase -1 2 . 0 0.24 
-2 1.7 0.29 
-3 2 . 5 0.30 
0. 28 Ave. 
Interface -4 0.83 30 . 3 
Original Uranium 95.4 
Uranium -5 6.8 26.5 
-6 7 . 9 25 . 1 
- 7 5 . 8 24. 6 
25.4 Ave. 
Mg-Th Phase 1. 1 9 . 7 
Turnings 
Uranium Phase 0 . 18 24.4 
Turnings 
17 
is similar to that obtained in the above two samples. Neglecting the inter-
face sample, the decontamination factor for the Mg- Th phase is 357 for a 
removal of 99. 7o/o of the initial protactinium. The distribution coefficient 
is 90. 7 .and the percent recovery of the protactinium is 93"/o. 
The percent removal of the protactinium from the Mg- Th alloy, 
the distribution coefficients, and decontamination factors for the above 
three experiments are summarized in Table IV. It is evident from these 
Table IV 
Extraction of Pa frorr:t Mg-38 w/o Th Alloy 
Irradiated "/o Removal ::decontam- Distribution 
Mg-38 w/o Th 
1. 
Extractant of Pa from ination Coefficient 
gm Mg-Th Phase Factor 
62 U-5. 2 Cr - 101. 5 99.1 123 68 
66.6 II 96.5 99.6 255 149 
26.5 u - 95.4 99.7 357 90.7 
data that in each case over 99"/o of the protactinium was removed from 
the Mg-Th phase. The values obtained for the last two experiments are 
believed to be representative of the tr ,~e equilibrium values. Equilibrium 
was probably not attained in the first experiment because of the method 
18 
employed to mix or agitate the charge. Further experiments have been 
conducted to check. these results but radio-chemical analyses have not 
~t been completed. 
1. 3. 2 ·Distribution of Protactinium Between Mg-Th Solutions 
and Fused Salts Containing MgCl2 (P. Chiotti and 
H . E. Shoemaker) 
In the separation of uranium from thorium by the dissolution of 
the thorium in magnesium, it is expected that impurities such as the alkali, 
alkaline earth and rare earth metals will concentrate in the Mg-Th phase. 
Slagging with MgC12 or a fused salt containing MgC12 should effectively 
retppve these impurities since their free energies of formation, with the 
exception of the heavier rare earths, are appreciably greater than that 
of MgC12 . Similarly,on the basis of free energy data the th:o:rium and 
small amounts of uranium accompanying the magnesium-rich phase will 
not be appreciabl'Y affected. The behavior of protactinium in s!uch .a 
process is uncertain and its distribution is being investigated. 
Mg-38 w/o Th solutions were equilibrated with two different fused 
salt mixtures; NaCl-48 mole % MgC12 , m. p . 450°C and 34 w/o 
LiCl-46 w/o KCl-20 w/o MgC12 . The salt mixtures were initially dried 
by heating them in an atmosphere of anhydrous HCl and finally by bubbling 
HCl through the melt. Processing of alloy-salt mixtures was carried out 
19 
in tantalum crucibles. The samples were heated in a rotating furnace 
and mixing was accomplished by mechanical rotation of the furnace back 
and forth through an arc of 180 ° once a minute, as described above. 
Consequently, in view of the results obtained inprocessing Mg-Th/U 
phases, there is some doubt whether equilibrium was attained. This 
possibility will be checked. 
The Mg- Th alloy in these experiments did not wet the tantalum 
crucibles, but was apparently separated from the tantalum by a thin 
salt film. A thin black film was observed on the surface of the salt 
and at the salt-metal interface . This film contained a relatively high 
Pa activity. 
The results obtained are given in Table V. These data indicate 
Table V 
Distribution of Pa 2 3 3 Activity Between 
Mg- 39 w/o Th Solutions and Fused Salts 
Charge- grams Processing Initial ~ Activity after Distr . 
Activity Process'ing Coeff. 
c/m/g c/m/g 
30- (Mg- Th) 6soo c 4 . 0 X 10 5 1. 2 X 104 38. 6 
30 - (NaCl- MgC12 ) Mix 30 min. 0.0 2 3. 1 X 10 
Settled 30 min. 
19. 7 -(Mg-Th) 650°C 1 ., 10 5 . _')X 1. 7 X 105 131 
24. 8- (I<Cl-LiCl- MgC12 ) Mix 60 min. 0.0 1. 3 X 102 
Settled 45 min. 
21. 1- (Mg- Th) 650°C 5 1. 13 X 10 5 297 1. 4 X 10 
26 . 2-(NaCl-MgC12) Mix 60 min. 0 . 0 3. 8 X 102 
Settled 45 min . 
20 ' 
that most of the protactinium remains in the Mg- Th alloy and very little 
is lost to the salt phase. Chemical analyses also show no detectable 
amount of thorium in the salt phase . 
1. 3. 3 Pyrometallurgical Purification of Uranium (P. Chiotti 
and S. J. S . Parry) 
The uranium-233 separated from neutron irradiated thorium by 
the magnesium extraction procedure will contain some fission products 
such as zirconium, niobium, molybdenum, ruthepium, etc. Since the 
amount of u233 to be processed would be relatively small,it may be 
economically feasible to put the uranium in solution in a fused s.alt and 
then selectively reduce the impurities. The uranium can finally be 
recovered by the use of an appropriate reducing agent such as magnesium 
or a magnesium alloy. The possibility of dissolving uranium in fused 
KCl-LiCl- ZnC12 and selectively reducing the impurities is being 
investigated. 
It has been found that when massive uranium is brought into 
contact with KCl- LiCl eutectic containing 10 to 20 wt % ZnC12 at 450 o C 
that the initial reaction rate is fairly high but the reaction soon subsides 
and then proceeds very slowly. The zinc displaced by the uranium forms 
an adherent reaction layer on the surface of the uranium consisting of a 
21 
band of u2 Zn17 covered with a film of liquid zinc. Once the surface is 
coated with reaction products further reaction is diffusion controlled 
and is relatively slow at 450°C. The introduction of gaseous HCl ihto 
the fused salt and around the uranium has little effect. It was also 
observed that HCl can be bubbled through molten zinc without appreci-
able reaction. In this case the reaction is presumably limited by the 
diffusion of HCl through a ZnC12 film formed at the metal/ gas inter-
face . At 600°C and 650°C a readily measurable dissolution rate occurs. 
The reaction rates during the first 10 to 20 minutes were observed to be 
roughly 7. 0 gms/cm2/hr at 600°Cand i4 gms/cm2/hr at 650°C. The 
surface gradually becomes rough and sponge-like in appearance and 
after 10 to 20 minutes the rate drops to about half the above values 
and remains relatively constant . These observations show that for the 
practical dissolution of uranium by this procedure the uranium should 
be in the form of shavings or chips with a large surface to mass ratio. 
The equilibration of fused KCl~ LiCl-UC13 mixtures with liquid 
zinc at 450 o C should result in practically complete removal from the 
fused salt of such impurities as ruthenium, molybdenum, niobium and 
in g e n e ral any .compone nt whose chloride has an appreciably lower free 
energy of formation than that of ZnC12 . Whether components such as 
uranium, z i r c onium, c hromium ·and protactinium which form chlorides 
I 
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with a free energy of formation of about the same or greater magnitude 
than that of ZnC12 will also depend on possible intermetallic compound 
formation with zinc or the activity of these components in the salt and 
zinc phases. Advantage can also be taken of the fact that the reduction 
potential of the zinc solution in equilibrium with the fused salt can be 
increased gradually ·by the addition of a stronger reducing agent such 
as magnesium to the zinc . 
Exploratory experiments with KCl-LiCl eutectic containing 
3. 5 wt o/o uranium as uc13 equilibrated with zinc at 450°C show that the 
amount of uranium in the zinc phase is less than 100 ppm. The equi-
libration at 500 °C of the same salt mixture with zinc containing from a 
5 to 7 wt o/o magnesium reduced the uranium content of the fused salt to 
0. 05 wt o/o. During this equilibration the color of the salt changed from 
a dark purple to colorless, indicating that the uranium was essentially 
completely removed from the salt phase. Metallog:J;"aphic examination 
of the zinc phase showed compound crystallites, presumably u 2 zn17 . 
Exposure of the fused ' salt containing UC13 to atmospheric 
oxy"gen also results in the formation of a colorless salt and a brown to 
black precipitate,indicating that the uranium has been essentially 
quantitatively precipitated as oxide . This is not unexpected from a 
consideration of the relative free energy of formation of uo2 and UC13 . 
The course of protactinium, zirconium and chromium in the 
above process will also be investigated. 
2. Preparation of Pure Compounds 
2. 1 Preparation of Pure Vanadium Pentoxide (R. E. McCarley 
and J . W . Roddy) 
23 
Work was continued on the preparation of high purity vanadium 
pentoxide in pound lots by the chlorination method. For the chlorination 
reaction an all- glass, rotating tube reactor was designed which allowed 
high conversion efficiencies of both chlorine and vanadium. The method 
consisted of thoroughly mixing technical V 20 5 with carbon in a molar 
ratio of 2 : 3. The charge was then dried at 200-300 o C and placed in the 
pyrex reaction tube . Air was passed over the charge during the interval 
necessary to bring the system to the desired operating temperature of 
between 350 to 450 o C . The air flow at this time;! served to remove the 
last traces of moisture, which was objectionable because of hydrolysis 
of the product VOC13' When the operating temperature was reached, the 
reaction tube was rotated at a rate of 14 revolutions per minute and 
chlorine gas was admitted to the charge at various flow rates. 
Chlorine efficiencies were determined for various flow rates in 
the following manner . The chlorine flow rate was obtained from a 
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calibrated rotameter and the percent conversion was determined from the 
rate of production of VOC13' which was condensed and measured volu-
metrically. These experiments were performed at furnace temperatures 
of 350 and 450°C. Since the reaction was exothermic, the actual reaction 
temperature was probably 50 to 100 o higher than that measured. Each 
charge in these experiments consisted of 1100 g. of technical 
v 2o5(o/oV20 5 =89) and 110 g. of carbon. 
At a temperature of 350°C the over-all chlorine efficiencies were: 
58o/o at a flow rate. of 2. 0 liters/min. , 62o/o at 2. 45 liters/min. and 63% 
at 2. 46 liters/min. At 450°C a value of 90o/o at 1. 90 liters/min. was 
obtained, while the conversion of vanadium to VOC13 was~ 75o/o of the 
total vanadium content. In general, the chlorination efficiency remained 
above 90o/o at the higher temperature until the reaction was practically 
complete, whereupon the efficiency dropped rapidly and the r~ was 
discontinued. 
The VOC1 3 produced in these runs was hydrolyzed with aqueous 
ammonia to form ammonium metavanadate which was subsequently 
ignited at~ 600° to recover the high purity v2o5 . Typical yields of 
V20s were about two pounds per run. Complete analytical data has 
not yet been assembled for this material but qualitative spectroscopic 
analysis indicated the presence of traces only of Cr, Si, Cu, Ca and Mg. 
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Nitrogen analysis on three samples from separate runs g~ve the following 
results: 16, 32 and 13 ppm. 
Work has been initiated on the preparation of some anhydrous 
chlorides of vanadium from the high purity VOC13 obtained in the chlorin-
ation reaction. Preliminary results indicate the · reduction of VOC13 with 
hydrogen leads to a mixture which may contain v2o3' VOCl, VOC12 and 
VC12 in various proportions . Further work will be done on this and other 
reactions leading to the formation of vanadium chlorides. 
2. 2 Preparation o f Pure Metal Carbonyl Compounds (R. E. McCarley 
and B. W. Farnum) 
High pressure equipment has been obtained and installed, and 
several compounds hav e been prepared for the synthesis of vanadium and 
niobium carbonyl compounds . The equipment consists of an Autoclave 
Engineers autoclave which is equipped with a strip-heater and temperature 
controller, safety rupture disk, solenoid-actuated agitator, gas inlet and 
outlet and a sampling tube. A:hand-operated gas booster pump has been 
connected in series with the autoclave. With the use of this apparatus, 
r eactions may be carri ed out at 1 to 350 atm. of pressure and temperatures 
of 25 to 350°C . 
Compounds which have been prepared as starting materials for the 
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initial exploratory reactions are VI2 , VI 3 , V(AA) 3 (where AA = acetyl-
acetonate ion), Cr(AA) 3 and Nbi5 . However, no carbonyl compounds 
have been prepared during this period. 
2. 3 Preparation of Yttrimn Fluoride (0. N . Carlson, F. A. 
Schmidt and F. H . Spedding) 
Studies have continued on the preparation of yttrium fluoride 
by heating of the oxide in an anhydrous hydrogen fluoride stream at 
elevated temperatures . A hydrofluorination schedule of slowly in-
creasing the temperature to 7 50 ° C with intermittent rotation of the 
tube was used for all batch preparations . It was found that careful 
regulation of the exhaust draft on the tube increased the number of 
batches of fluoride having satisfactory oxygen intensity ratios (OIR) . 
This ratio was determined spectrographically and is a relative measure 
of the oxygen content of the fluoride . If the oxygen intensity ratio of a 
batch of yttrium fluoride was greater than 0. 45, the fluoride was re-
cycled through the hydrofluorination step . In most cases one recycling 
was sufficient to increase the conversion so that the material would fall 
into the acceptable quality range of 0 . 25 - 0 . 45 OIR. 
The fluoride production program was accelerated during this 
period in order to meet the increased demands for YF 3 which were 
imposed by the yttrium metal development and production effort. 
Figure 1 graphically illustrates the production of yttrium fluoride per 
month for the first half of 1958. One ton of this material was sent to 
Corwith Corp. in Chicago for use in their metal production process. 
3 . Metal Preparation and Purification Studies 
3. 1 Vanadium Metal 
Z7 
3. 1. 1 Purification by the Iodide Process (0. N. Carlson 
and C . V. Owen) 
A small vycor bulb was used in studies on the growth rate and 
efficiency of the process for purifying vanadium metal by the .thermal 
decomposition of vanadium iodide. As much as 70 percent of the impure 
vanadium feed material was converted to crystal bar in a single run with 
this unit . This is much higher than the ZS percent yields normally obtained 
in the inconel apparatus used in regular operations . 
Work by Morette1 in 1938 on the reaction of vanadium with iodine, 
and observations made during the course of the present studies indicate 
that VIz is the species of iodide. primarily responsible for the transfer 
of vanadium within the apparatus. VIz is volatile between 750-850°C, and 
decomposes above 850°C. A feed material of 800-825°C temperature has 
been found to give maximum deposition rates. Filament temperature versus 
1. A . Morette , Compt. Rend. Z07, 1Zl8 (1938) . 
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growth rate studies have been carried out up to 1400 ° C with the maximum 
growth rate occurring at a wire temperature of about 1300 o C. 
Most of this work has been done using chips or shavings of bomb-
reduced vanadium as feed material. However, this involves a machining 
operation .to produce these chips, requiring considerable time and effort. 
In an attempt to obtain a feed material which could be prepared readily, 
two other forms of vanadium metal have been tried. One form was a 
vanadium-aluminum alloy which was produced by a bomb process using 
calcium and an excess of aluminum as co-reductants. The resulting 
alloy contained 10% aluminum by weight and was very brittle. It was 
crushed in a jaw crusher and the pieces were used directly as feed 
material for iodide refining. The crystal bar vanadium which was 
prepared from this feed material contained 0.16 w/o aluminum. 
Since the Al- V alloy appeared to be unsatisfactory as the feed 
material, another form of crude vanadium was investigated. A sponge 
product was produced by reducing C. P. grade V205 with carbon at 
1600°C. This material was crushed easily into pieces of sizes suitable 
for use as feed material. Crystal bar vanadium produced from the 
sponge . contained 190 ppm carbon and 25 ppm nitrogen but was unexpectedly 
hard, .85 Rockwell E . The usual hardness of crystal bar vanadium is 
RE 50. More work is planned with thi s type of feed material in an effort 
to improve the quality of the vanadium. 
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3. 1. 2 The Carbon Reduction of V205 (H. A. Wilhelm 
and K . M. Wolf) 
Some tests of addition agents in the charge of V 2o5 and carbon 
were made with no definite evidence of improved results . The main 
problem appears to be that of obtaining an inert crucible for molten 
vanadium metal in order to permit higher temperatures for completion 
of the reaction between carbon and the oxide. Crucibles made of ZrOz. 
CaO, Y 2o 3 or Th02 were tested. The Zr02 , the Y 20 3 and the ThOz 
crucibles contained the molten vanadium metal quite well.but the CaO 
crucible broke down at the temperature required for liquid vanadium. 
Spectrographic tests . made on samples of vanadium melted in those 
crucibles that contained the liquid metal , showed that the amounts of 
thorium and yttrium picked up were very small, with the zirconium pick 
up being perhaps a bit more . 
3. 2 Niobium (Columbium) Metal 
3 . 2. 1 By Carbon Reductions of Nb2o5 (H. A. Wilhelm 
and E . R . Stevens) 
Further tests were made on the effects of various addition agents 
on the reaction and the quality of the metal obtained by the reduction of 
m 2o5 with carbon. SiC, Si02 and Ti02 were tested as addition agents 
31 
and the quality of the metal so far obtained with the SiC and Si02 additions 
does not appear to be comparable to that obtained with the proper amount 
of Ti02 addition in the charge . A number of earlier tests on the reduction 
of Nb20s by carbon with and without addition agents have been repeated, 
and the results agreed quite well with the earlier data . 
3 . 2 . 2 By the Aluminum Reduction of Nb20s (H. A . Wilhelm 
and T . G . Ellis) 
The aluminum reduction of the oxide of columbium is considered as 
a means of preparing alloys of these two metals and is being continued in 
connection with a study of these alloys . Attempts to form pure columbium 
metal by the aluminum reduction of the oxide have not yet been successful. 
3 . 2 . 3 Purification of Niobium Metal by the Iodide Process 
(R. E. McCarley and W. Tadlock) 
Niobium feed metal. for use in the iodide process, has been prepared 
by the reduction of Nb2o5 with carbon under vacuum as described in a 
previous report (ISC-835). In this reaction a 3 percent excess of carbon 
was used in an effort to obtain a low oxygen concentration in the metal. 
Apparently, however. the reaction did not go to completion and a con-
siderable oxygen content was left in the metal as indicated in Table VL 
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Table VI 
Analyses of Niobium Produced by the Iodide Process 
PPM in PPM in Iodide Metal 
Impurity Feed Metal 250-350° 350° 450° 500° 
0 >5000 >5000 4300 >5000 4600 
c 30,000 62 116 111 153 
N 769 ' ·~--..,. 
The apparatus used for the iodide reaction consisted of an 80 mm 
0. D. pyrex tube which was about 11 in. long and sealed at both ends. A 
pair of tungsten electrodes, either 1/4 or 1/8 in. diameter, was s.ealed 
in the top in addition to the leads to the high vacuum system and iodine 
reservoir. The feed metal was packed into an annular space bounded 
by the glass walls of the reactor on the outside and a molybdenum screen 
on the inside . This provided a cylindrical cavity about 2 . 5 in. diameter 
for suspension of the filament. The system was outgassed at 550°C and 
-5 
a final pressure of~ 10 mm. Hg before sealing off the reactor and 
starting the reaction. In the initial runs the filament temperature was 
maintained constant at about 1300 o C and the feed metal temperature was 
varied between 250 and 500°C. Maximum growth rate of the filament 
occurred at a feed temperature of 450 ° and decreased markedly at either 
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higher or lower temperatures. The first noticeable growth began at the 
lowest temperature, i.e., 250°C. Analytical data for some non-metallic 
impurities are summarized in Table VI for these experiments. 
Further work will be directed primarily towards elimination of the 
high oxygen content in both the feed metal and the iodide metal. It is 
obvious from the data that there must be a volatile oxyiodide formed at 
the temperatures investigated in order to account for the extremely high 
oxygen values in the iodide metal. This is not unreasonable since niobium 
is known to form the volatile niobium oxytriiodide, NbOI3 . A vycor vessel 
is being constructed in order to carry out the reactions at feed metal 
temperatures from 550 to 800°C. It is possible that these temperatures 
ar e above the d e composition temperature o f the NbOI3 and, hence, a 
better purification with respect to oxygen may be attained. 
3. 3 Thorium Metal 
3 . 3. l Purification of Thorium by the Iodide Process 
(D . E. Williams, 0 . D. McMasters and P . E. Palmer) 
The pyrex-glass apparatus for purifying thorium has been yielding 
approximately 250 g . per run. The needs of this group are being supplied 
and a small stock pile of the metal is being accumulated. 
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An Inconel reaction vessel for iodide-thorium production has been 
unsuccessful due to vacuum leaks. Efforts to perfect this equipment will 
be continued since it is felt that larger yields can be obtained with it. 
3. 3. 2 Preparation by the Ca-Mg Reduction of ThF 4 
(H. A . Wilhelm and R. L . Snyder) 
Work has continued on the reduction of thorium tetrafluoride with 
calcium and magnesium to give a low melting Th-Mg alloy and a low-
melting slag. In some of these reductions the calcium and magnesium 
were alloyed while in others the metals were used in the form of a 
mixture of particles of the pure metals. The process depends on a 
past-heating to effect separation of the fused metal and slag phases. 
Considerable difficulty was encountered in this work in finding 
a metal crucible that would satisfactorily contain the reaction. Re-
ductions were attempted in niobium, Carpenter 20 stainless steel, 
molybdenum, tantalum, graphite, 18-8 stainless steel, 430 stainless 
steel and titanium. As a result of this work it was found that titanium 
serves quite well as a crucible material. 
Attempts to produce a ThMg2 alloy as the product of reduction 
were not highly successful. In some reductions sodium was used in 
place of magnesium, but this also failed to give good results. The 
use of calcium chloride as a fluxing agent for the CaF 2-Mg~z slag was 
not satisfactory. Some attempts were made to produce low-melting 
thorium-magnesium-zinc alloy, but results were not satisfactory. 
The reduction of thorium tetrafluoride according to th~ equation 
35 
ThF 4 + 0 . 9Ca + 1. lMg + 1. 5Mg ~ThMgl. 5 + 0. 9CaF2 + l.lMgF z 
gave a fairly good product. 
Work will be continued on calcium-magnesium reduction of 
thorium tetrafluoride to produce thorium-magnesium alloys. 
3 . 4 Preparation of Yttrium Metal (0. N. Carlson, J. Haefling, 
F . A . Schmidt and F. H. Spedding) 
The production of yttrium metal on a pilot plant scale was 
continued during the first half of 1958. The major change t~t was 
introduced in the process during this period was the use of redistilled 
calcium and magnesium in massive form rather than in granular form 
as was used previously. This resulted in a significant decrease in oxygen 
content of the yttrium metal from an average of 0 . 30 w/o o2 for the 
granular calcium product to 0. 17 w/o 0 2 for metal obtained with the 
massive materials. 
This change in the process resulted in an alteration of the 
apparatus employed in the reduction step . The massive chunks of 
calc i um and m agne s ium we r e melted in a t i tanium or zirconium 
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reaction pot under a helium atmosphere. The YF 3 and CaC12 were then 
added to the reaction pot from a hopper which could be attached ·to the 
head of the reaction retort. This insured complete reaction 'Qetween the 
calcium and the YF3 and good slag-metal separation and made it possible 
to carry out the complete reduction step in a single heating. The titanium 
content of the yttrium metal prepared in a titanium reaction vessel. was 
0.15 w/o . 
A graph of the yttrium metal produced per month is shown in 
Fig. 2 . A typical analysis of the yttrium produced during this period is 
given in Table VII. 
Table VII 
Typical Analysis of Vacuum Arc-Melted 
Yttrium Ingots Produced During 1958 
Element Ave. Content (ppm) 
c 250 ppm 
N 175 
Fe 150 
Ti* 100 
Ti** 1500 
Zr* 7000 
Ca 10 
Mg 30 
Si 150 
Cu 50 
Ni 350 
B 10 
Oz 1700 
::* Y -Mg alloy prepared in Zr pot. 
>'.c* Y -Mg alloy prepared in Ti pot. 
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Meanwhile, experiments have been carried out designed to deter-
mine the sources of oxygen and to eliminate them if possible. A large 
reduction was divided into several alloy portions. These portions were 
exposed to varying humidity conditions for periods of from one to five 
days to determine the reactivity of the alloy toward atmospheric 
moisture , Similar tests were made on sponge from the same reduction. 
The exposed alloy or sponge w·as· then processed into yttrium ingots 
and analytical samples taken from each ingot. The results are given in 
Table VIII. ) 
Table VIII 
Effect of Humidity on Reactivity of Y -Mg Alloy 
and on Y Sponge 
Treatment 
Normal crushing & 
handling procedure 
Exposure of air in 
laboratory for 1 day 
II 
Exposure to air in 
laboratory for 5 days 
II 
Exposure to 100% 
humidity for 1 day 
II 
Exposure to 100% 
humidity for 5 days 
II 
Alloy crushed in dry box 
instead of jaw crusher 
Form of Metal 
Exposed 
Alloy & sponge 
alloy 
sponge 
alloy 
sponge 
alloy 
sponge 
alloy 
sponge 
alloy 
0 2 in Resulting 
Arc-melted Y (ppm) 
2700 
3470 
3200 
2550 
2500 
5700 
2800 
6300 
1950 
2205 
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The results of these tests show rather conclusively that the alloy 
is quite reactive toward atmospheric moisture,particularly under con-
ditions of high humidity. They suggest that handling and crushing of the 
alloy must be done under low humidity conditions. The sponge does not 
appear to be nearly as reactive as the alloy and was inert under the test 
conditions . 
A study was made of the effect of the condition of drying the CaC12 
upon the quality of the yttrium metal obtained. The method employed in 
this process has been to vacuum dry the chloride at 400°C for 8 hours . 
Drying the CaC12 ·in a stre am of HCl effects the quality of the CaC12 , and 
subsequently the yttrium metal, as shown in Table IX. 
Table IX 
Effect of Conditions of Drying CaC12 on Quality of 
Yttrium Metal 
Treatment of CaClz 
Dried in stream of HCl 
at 450°C 
Repeat o f above 
Vac uum dri ed at 400 ° C 
Vacuum dried at 400°C 
followed b y HCl treatment 
at 450°C 
R epeat of above 
Oz in Arc-melted Y (ppm) 
1430 
1667 
1920 
1300 
1375 
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Drying of large batches of CaC12 in a.n HCl stream was attempted 
for use in large scale reductions but it was fou.nd that no significant re-
duction of oxygen content was obtained on this scale. 
Two experiments were run using lithium as the reductant in place 
of calcium. The oxygen content of the yttrium thus prepared was 1350 and 
1650 ppm. 
A series of small reductions wca.·s made using various mixtures of 
calcium and lithiup1 as the reductant with magnesium as alloying addition. 
This reaction was carried out satisfactorily employing a 82 w/o Ca - 18 w/o 
lithium reductant. This gives a low melting slag of CaF2 · LiF requiring 
no CaC12 flux. The fluidity of the slag depends upon a eutectic in the 
CaF2· LiF system at about 60 w/o CaF2 and melting at 700°C . Excellent 
slag-metal separations were observed and high metal recoveries were 
obtained. Several large scale (100 pound) reductions were made using 
the Ca-Li reductant. The oxygen content of the yttrium prepared in this 
manner varied from 1000 ppm to 2120 ppm with an average of 1400 ppm 
0 2 on 14 ingots . The intermediate alloy obtained from this process is 
somewhat pyrophoric and more reactive than the Y -Mg alloy from the 
standard reduction. 
3. 5 Uranium Metal by the Carbon Reduction of Uranium Oxide 
(H. A. Wilhelm and E. P. Neubauer) 
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The continued work on the carbon reduction of uranium oxide was 
directed toward three objectives. These were (a) to find some means Ol" 
material which would contain the molten charge at the elevated temperatures 
required for the completion of the reaction; (b) to lower the carbon content 
of the product metal; and (c) to increase the metal yields. 
The use of a ZrOz coating between a graphite crucible and a jolt-
packed uo2 liner was abandoned when the protective action of the ZrOz 
broke down at the high temperatures required to complete the reaction 
of the charge. One way to protect the U02 container was to eliminate 
the graphite crucible from the system. A 20 mil tantalum cylinder was 
used as the suseptor in the induction furnace, and UOz was used for 
insulation. A pressed and sintered U02 crucible was used to contain 
the charge. The crucible life was still just one reduction because of 
wetting action of the liquid product, but the crucibles remained intact 
and there was no metal loss due to crucible failure. 
With the container problem temporarily solved, some attempts 
were made to get a density separation of the residual carbon and the 
uranium. Effo~ts were made to control the cooling rate of the molten 
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metal product of the reduction so that the uranium carbide might have time 
to float to the top. Because induction stirring occurred whenever the 
induction current was turned on to retard the cooling, this approach met 
with only limited success, especially with the small size charges employed. 
The yields of uranium metal ranged from 70% - 80%. This is 
very low and it is attributed to the volatility of uo2 at temperatures 
required to get appreciable reduction. U'i'anium metal is of about the 
same volatility as uo2 at the temperatures reached, but-the metal is 
not formed until the end of the reaction and there isn't much time for 
an appreciable loss to take place. One reduction was made under a 
partial pressure of flowing argon in hopes that this would suppress the 
volatilization of the oxide, but it also slowed down the reaction and 
apparently nothing was gained with this approach. 
While searching for a refractory in which the uo2 reduction 
could be 'Carried out, a slug of uranium metal was heated to 1800 ° C in 
an yttrium oxide crucible. Upon cooling, the metal fell free of the 
crucible, and no reaction with or attack on the crucible was evident. 
The crucible was found to have good thermal shock resistance. It is 
also a good container for melting thorium. An yttrium oxide crucible 
was badly corroded by the molten metal from a carbon reduction of 
uoi, however. 
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3. 6 Preparation of Tantalum Metal (H. A. Wilhelm and C. B. 
Hamilton) 
Some of the methods for producing high purity tantalum are being 
inves tigated. Three methods that appeared worth consideration here 
were the sodium reduction of the fluro tantalate, the aluminum or 
aluminum-calcium reduction of tantalum oxide and the carbon reduction 
of the pentoxide. Preliminary experiments have indicated that the 
carbon reduction may have advantages over other present methods of 
producing metallic tantalum. 
If a less than stoichiometric amount of carbon is used to reduce 
the tantalum oxide, the excess oxygen is boiled off at around 2200°C in 
a vacuum, possibly as Ta02 . The remaining metal sponge gives a 
ductile metal when arc-melted,but it is still much harder than Fansteel 
tantalum similarly melted here. 
3. 7 Purification of Barium Metal (D. T. Peterson) 
Barium metal of higher purity than was available was nee ded 
for the investigation of the reaction of barium with calcium chloride and 
the study of the barium-barium hydride system. As barium is rapidly 
contaminated by exposure to the atmosphere, the purified barium had 
to be handled under argon in a tight glove box to preserve the benefit of 
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the purification process . A bath still capable of distilling 1000 grams of 
r 
barium was designed and constructed. The still was designed so that it 
would be loaded and unloaded in a glove box. 
A number of distillations, starting with cast barium sticks, were 
made at 800°C and 8 mm argon pressure. The distilled barium was 
obtained in the form of a bright dense mass of crystals. The residue 
which was left contained a small amount 9f metal but was principally 
a crust of barium oxide . The barium oxide crust was in the form of 
large crystals which had a dark blue to red color due to a small amount 
of dissolved barium. The r~sults of ah analysis of the crude barium 
and the purified barium are given in Table X. Distillation of barium 
Table X 
Analysis of Crude and Purified Barium 
Element Crude Barium Dist,illed Barium 
Carbon 790 73 
Nitrogen 440 40 
Iron 50 23 
Manganese 47 77 
Silicon M w 
Magnesium w vw 
Nickel vw ND 
Aluminum w Trace 
resulted in a considerable decrease in the carbon and nitrogen content 
and a moderate decrease in the metallic impurities with the exception 
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of manganese . The oxygen content could not be determined by the 
amount of barium oxide in the residue, indicating .a considerable decrease 
in the oxygen content. The melting point of the crude barium was 7l7°C 
and the melting point of the distilled barium was 729 o C. This increase 
in the melting point indicates that a significant improvement in the 
purity was obtained by distillation. 
4 . Alloy Investigations 
4 . 1 Phase Relations and Thermodynamic Properties of the 
Th- Zn System. (P . Chiotti and K. Gill) 
A study of the thorium- zinc system with the objective of 
establishing the equilibrium diagram and some of the thermodynamic 
properties of the compounds formed has been initiated. This system 
is of particular importance in the production of thorium metal and in 
the pyrometallurgical processing of thorium fuel or blanket material. 
A review of the literature indicates at least two compounds in 
the system. The compound Th2 Zn17 has been reported by Makarov 
46 
and Vinogradov. 2 A second compound Th2 Zn was reported by Wilhelm. 3 
A .. eutectic was also reported between Th2 Zn and pure thorium. Two 
more compounds and three more eutectics have been found in this 
investigation. Thermal analysis and metallographic data were used to 
determine the phase boundaries. 
The metals employed in this investigation were Ames Laboratory 
thorium containing less than 1800 ppm impurities and Bunker Hill slab 
zinc with a purity of 9 9. 99+ percent . 
All of the alloys were prepared in the same manner . The thorium 
was cleaned in a solution of HN03 , Na2SiF6 and H20, rinsed in water 
and ac e tone, then dried and weighed. The zinc was cle~ned in dilute 
HCLwashed in water and acetone, then dried and weighed. The charge 
was enclosed in a tantalum crucible by welding on a preformed tantalum 
cap . The cap also had a thermocouple well welded in it which was used 
in measuring the temperature of the alloy during thermal analyses. The 
tantalum crucible was then enclosed in a stainless steel bomb. The bomb 
was made by welding a stainless steel cap on each end of a stainless steel 
2 . E . S . Makarov and S . I. Vinogradov, Kristallografiia ~ part 6 (1956). 
3 . H . A . Wilhelm, unpublished information, February 1956 . 
pipe . All welding operations were carried out in an argon atmosphere. 
The assembly was then heated in a rotating resistance furnace at 
temperatures up to 1200°C . At temperatures above nsooc equilibrium 
could be obtained in less than 30 minutes. Below ll50°C the samples 
were rotated at temperature up to four hours . After the initial 
equilibration the outer stainless steel bomb was removed, the 
tantalum crucible containing the alloy (Plac;:ed in the thermal 
analysis apparatus, and a differential heating and cooling run made. 
The construction of this apparatus was such that the tantalum crucible 
could be heated under an inert atmosph'ere. 
The phase diagram based on thermal and metallographic data 
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is shown in Fig. 3. Since thermal analyses were made under constrained 
vapor conditions this diagram may not represent the true equilibrium 
diagram at one atmosphere pressure . The zinc vapor pressure as a 
function of temperature will be measured by a dew point method. Further 
work will also be done to ~stablish the zinc- rich liquidq.s curve at lower 
temperatures. 
4. 2 Study of Allotropic Transitions in Tho_rium- Yttrium Alloys 
(0. N . Carlson and D. T . Eash) 
Investigation of the thorium-yttrium system was undertaken for 
the principal purpose of studying the solid state phase interactions at 
oc 
ATOMIC PERCENT 
0 I 0 20 30 40 50 ..,.., . .., .... .., ... .., , 
Zn 
THORIUM- ZINC PHASE DIAGRAM 
1095• 
•F 
0 THERMAL DATA 
1755-...... 3191 
a SOLUBILITY DATA(DODGE a HANSaf) 
lt SOLUBILITY DATA(SHOEMAKER) /-1 3000 
I 
/L-
f.~ 2600 
I 
I 
I 
/L+aTh 
J 
2200 
1800 
1400 
L + a a + {3 {3 + y y + 8 8 + Th 
I ~1000 !::: 419 
• I~ I~ 1~ c N ~ .... I I I 
10 20 30 40 50 60 70 80 90 Th 
WEIGHT PERCENT THORIUM 
F ig. 3 - Phase Diagram Based on Therm al and Metallographic Data . 
~ 
CX> 
49 
high temperatures. Since the atomic diameters of yttrium .and thorium 
are n early identical, if yttrium exhibits a high temperature BCC form as 
is suggested from other observations, a complete series of solid solutions 
at elevated temperatures would be expe cted. The solidus of the Th-Y 
system has been determined by a melting bar technique to be a continuous 
curve extending from the melting point of yttrium (1510 ° C) to the melting 
point of thorium (l755° C ) , This evidence strongly suggests a contim~ous 
solid solution region immediately below the solidus . 
Cooling curves of arc-melted alloys showed a thermal arrest at 
l460°C in alloys over a c omposition range of 60 to 90 w/o Y. A 30 w/o Y 
alloy exhibits a strong cooling curve break at 1385 ° C and a 10 w/ o Y alloy 
at 1445°C. 
Preliminary results of resistivity versus temperature curves on 
these alloys verify the above transitions . Microscopic examination of 
thorium- yttrium alloys reveals a eutectic or eutectoid in the region of 
30 w/o Y . 
The polishing and etching of alloys in this system is difficult to 
do with reproducible results . Vibratory polishing equipment has been 
installed in an attempt to improve the quality of the microstructures. 
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4. 3 Tantalum- Zirconium System (D. E. Williams and R. J. 
Jackson) 
On the basis of an extensive metallographic study conducted during 
this period as well as previous electrical resistance and dilatometric 
tests, the monotectoid composition and temperature have been establis-hed 
\ \ 
as 12% tantalum and 800°C. The maximum solubility of tantalum in alpha-
' I 
zirconium was found to be 1. 5 ± 0. 5o/o a{ B-oo o C, decreasing rapidly 
;, .. 
' · 
with decreasing temperature. This information completed the investigation 
of the tantalum- zirconium alloy system. A brief summary of the results 
of this investigation follows .. 
The solidus curve of the diagram contains a minimum near 25% 
tantalum and 1820°C . At about 50% tantalum, the solidus starts to rise 
more rapidly to reach the observed melting point of tantalum, 2940°C. 
Below the solidus there exists a continuous solid solution which decomposes 
on cooling except on the extreme tantalum rich side. The intermediate 
'i 
alloys form two solid solutions, while the zirconium- rich alloys transform 
as a result of the beta to alpha transformation in zirconium. The result 
of these two factors is a monotectoid at 12% tantalum apd 800°C. The 
monotectoid horizontal extends to 96% tantalum where it is terminated 
by the boundary of the tantalum- rich solid solution. The solubility limit 
of zirconium in tantalum is about 2% at room temperature . 
si 
4. 4 Additio~s of Magnesium to Thorium (J. F. Smith, 
D'. E. Williams and W. H. Pechin) 
Work o'.il: this system has consisted mainly of attempts to produce 
homogeneous alloys in the composition range of 70 to 100% thorium. These 
alloys, due to the high vapor pressure of magnesium, could not be prepared 
by arc-melting. It was also attempted to prepare these alloys in an open 
crucible with a flux and a helium atmosphere. The resulting melts were 
of poor quality and contained a large number of inclusions. 
The most successful method to date has been to seal the alloying 
constituents in a tantalum tube and heat them with a muffle or an induction 
' 
furnace. The tantalum crucible is protected from oxidation by either a 
silica capsule or a helium atmosphere. The closed tantalum crucibles 
have been heated to 1450°C with only slight end-bulging due to the pressure 
of the magnesium. Heavy wall tantalum crucibles are used in the high 
temperature experiments. 
Magnesium turnings and small pieces of thorium sheet were used 
I 
as starting materials in an effort to keep the reaction time as short as 
possible. The melts prepared to date have all separated in.to at least 
two layers. The upper layer has been found to consist of a eutectic 
structure with primary crystals of a compound presumed to be ThMg5 . 
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The bottom layer is similar but contains particles of a darker, less 
regular phase, which may be the compound ThMg2 . X-ray diffraction 
studies have identified one of the phases in the upper layer as ThMg5 . 
X-ray work also indicates that the bottom layer contains a thorium phase. 
No other phase has been identified. 
4. 5 Tantalum-vanadium System (0. N. Carlson and D. T. Eash) 
The investigation of the tantalum-vanadium system was completed 
during this period and the results presented at the Reactive Metals 
Conference at Buffalo, New York in May, 1958. These will be published 
in the proceedings of that conference. The salient features of the Ta- V 
system are as follows: 
1. The system consiSts of a complete series of solid solutions, 
above 1320°C. There is a minimum in the solidus at 1820°C and approxi-
mately 30 w/o Ta. 
2. An intermediate phase, identified as !3 or Tav2 , is rejected 
from solid solution at 1320;°C at a composition of approximately 64 w/o Ta. 
3 . The structure of the intermediate phase, f3 , is isomorphous 
with the FCC Laves phase, MgCu2 , and has a lattice parameter of 
0 
a = 7.163 A . 
4. The boundaries of a two phase region extend from 27. 5 w/o Ta 
to 87. 5 w/o Ta at 900°C. 
4. 6 Yttrium-Niobium Alloy Investigation (0. N. Carlson, 
V. C. Marcotte, D. E. Williams) 
An investigation of the properties and phase relationships of the 
yttrium-niobium system was initiated during this period. 
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A complete series of alloys . was prepared by arc-melting in a 
tungsten-electrode furnace. Only the 2%, 5%, and 95% yttrium alloys 
were homogeneous after the first melting . Through the use of smaller 
charges and with thorough remelting, the 70%, 80% and 90% yttrium alloys 
were homogenized. The rest of the alloys have not been improved by 
this procedure. 
Melting points have been determined for those alloys which have 
been made homogeneous . These are listed below. 
Composition 
95Y 
90Y 
SOY 
70Y 
Melting Point (Solidus) 
1410°C 
1395°C 
1445°C 
1460°C 
Temperature resistance measurements on the 90% yttrium alloy 
show an inflection at 1400°C which corresponds to the eutectic temperature. 
The eutectic composition is believed to be near 95o/o yttrium. This infor-
mation results from metallographic study. 
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In an effort to establish the liquidus of this system, niobium crucibles 
have been loaded with one of the lower melting alloys and then welded closed. 
The crucible is heated by induction to a temperature above the liquidus of 
the alloy it contains. This temperature is maintained for several hours to 
establish equilibrium, then the crucible is quenched with helium. Analysis 
of the equilibrium mixture will give the composition coordinate of the 
liquidus at the quenching temperature . Test runs have been made and the 
method appears feasible for alloys which have a liquidus temperature below 
the melting point of niobium, 2420 o C . A suitable container is being sought 
for the high-melting alloys. 
4. 7 Uranium-Rhenium Alloy Investigation (J. F. Smith, 
R. J. Jackson and D. E . Williams) 
Work was initiated on the establishment of the uranium-rhenium 
phase diagram. An extensive survey of the literature revealed very little 
information concerning previous work on this alloy system. 
Alloys covering the uranium rich end of the system were prepared 
by arc-melting. The as-cast alloys as a whole are not ductile and do not 
respond to cold working. The 10% rhenium alloy is an exception in that 
it c.ould be reduced by cold rolling. 
4. 8 Thorium-Molybdenum Alloy Investigation (D. E. Will~~ms 
and P. E. Palmer) 
The shape of the phase-diagram of the thorium-molybdenum system 
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has been established as a simple eutectic with no detectable solubility of 
either constituent at room temperature. The best method of establishing 
the solubility limits at elevated temperatures appears to be that of high-
temperature x-ray analysis . A high temperature modification of an x-ray 
spectrometer is being placed in operating condition for the thorium-
molybdenum solubility determination. 
4 . 9 Crystallographic and Phase Relationships of the Nickel-
Zirconium and Nickel-Hafnium Systems (J. F . Smith, 
M . E . Kirkpatrick, D . M. Bailey and D. E . Williams) 
On the basis of previous work, the compounds Ni3 Zr and Ni4 Zr 
were thought to exist, however, further investigation has failed to 
substantiate their presence . The proposed diagram contains the six 
intermetallic compounds listed below with their melting or decomposition 
temperatures . 
NiZr2 
NiZr 
Ni10 zr7 
Ni5 zr2 
Ni7 zr2 
Ni5 Zr 
Congruent melting at ll00°C. 
Congruent melting at 1280 o C. 
Peritectic decomposition at 1200 o C. 
Peritectic decomposition at 1180 o C . 
Congruent melting at l420°C. 
Peritectic decomposition at l300°C. 
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The crystallographic investigation of the intermetallic compounds 
has yielded the following information. The lattice of the Ni5 Zr compound 
0 
is face-centered cubic with a parameter a = 6. 71 A. This agrees with 
0 
4 
the lattice parameter quoted by Smith and Guard who have found that 
Ni5 Zr is isostructural with Ni5 U and Cu5 U. 
The compound, NiZr, has been found to be orthorhombic with 
0 ° 0 
....... 6 .......... -a 0 = 3. 2 A, b 0 = 9. 97 A, and c 0 = 4. 08 A. The symmetry and cell 
constants were determined from Ok.l and lkct Weissenberg data, and 
hkO, hkl, hOl, and hll precession data. A set of multiple fihns. 
obtained with a Weissenberg camera and CuKa radiation were judged 
by visual estimation to provide Okl and lkl intensity data. These 
intensity data were corrected for dispersion effects. A trial structure 
was chosen from a P(x, y) Patterson projection and refined by a least 
squares method with an IBM-650 computer. A value 
R= 
~,,F0,- !Fell 
= 0. 165 was obtained for the following 
~ \Fol 
4. E. Smith and R. W. Guard, J. Metals, 9, ll89 (1957). 
structure : 
Space Group, n 17 - Cmcm 
2h 
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with 4N i ( 0 , 0 , 0; 1/2 , 1/2 , 0) ± 0, y, 1/4; y = 0 . 0 8 2 
and 4Zr at (0, 0, 0;1/2, 1/2, 0) ± 0, y, 1/4; y= 0. 361. 
The lattice of the NiZr 2 compound has been determined as 
0 0 
tetragonal with a 0 = 6 . 50 A a~d c 0 = 5 . 24 A. The structure was deter-
mined from hkO and higher order Weissenberg data, and hhi, Oki and 
higher order precession data . Oki intensity data were obtained by 
visual estimation of timed precession pictures taken with Mo Ka 
radiation. A trial structure for NiZr2 was chosen from a P(x, y) 
Patterson projection and refined with an IBM-650 using a modified least 
squares treatment. A value R = 0 . 076 was obtained for the following 
structure: 
18 Space Group, D 4h - 14/mcm 
with 4Ni at (0, 0, 0;1/2, 1/2.1/2) :1; (0, 0, 1/4) 
and 8Zr at (0, 0, 0;1/2, 1/2, 1/2) ± (x, l/2+x, 0;1/2+x, :X, 0); x = 0 . 1629. 
The lattice parameters of the orthorhombic Ni10 Zr7 compound have 
• "\.- 0 - 0 """- 0 been determmed as a 0 = 9 . 18 A, b 0 = 9 . 27 A, and c 0 = 12. 44 A . Diffraction 
symmetry and characteristic extinctions indicate space group symmetry, 
nl5 - Pbca . No trial structure has been postulated for this compound; 
2h 
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r, 
however, the following sets of positions seem feasible for oc<;upa.ncy: 
40Ni in 5 sets of the type ± (x, y, z;l/2+x, 1/2-y, z; x, 1/2+y, 1/2- z; 
1/2-x, y, ,1/2+z) 
24Zr in 3 sets of the type± (x, y, z;l/2+x, 1/2-y, z; x, 1/2+y,l/2-z; 
' ·y' 
1/2-x, y, i;z+z) 
. I . 
and 4Zr 'in (0, 0, 0;1/2, 1/2, 0;0,1/2, ljt;l/2, 0,1/2). 
Eutectic points have been observed at the following temperatures I . 
and compositions. 
960°C and 17% Ni 
1060°C and 52% Ni 
' I 
1170°C and 87% Ni 
The eutectoid composition has been substantiated as 1. 3o/o J\ickel. 
The temperature of the eutectoid has been established as 840°C by means 
I 
of electrical resistance measurements.' 
· The solubility limit of nickel in alpha-zirconium is approximately 
( 
0.1% at 840°C while the maxirnum solubility of nickel in beta-zirconium 
is 1. 9% at 960 o C. The terminal solid solution on the nickel-rich end 
of the diagram contains a maximum of 3. O% zirconium at 1170°C from 
which it decreases to less than 0. 1% zirconium at room temperature. 
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Several hafnium- nickel alloys have been prepared by arc-melting 
and examined metallographically. 
4. 10 Thorium- Tantalum System (D. E . Williams, and 0. D . 
McMasters) 
The alloys of this sys~em have been given extensive homogenization 
treatment by repeated arc - melting and annealing. Since the data obtained 
previously from the inhomogeneous alloys are somewhat questionable, a 
reinvestigation is being made . 
High temperature - resistance measurements have been inhibited 
by the~rn.ocouple reaction with the specimens at about 1400 ° C, near the 
transformation temperature in thorium. The tungsten-iridium, tungsten-
niobium, and tungsten- tantalum thermocouples have been tried and have 
proven inaccurate at high temperatures when placed in direct contact 
with the specimen. 
Determination of the melting points of the homogenized alloys is 
now in progres s . The r esults from the samples which have been run 
indicate the eutectic horizontal exists at 1565 ± 20 ° C rather than 1700 o C 
which was reported previously. 
4 . .11 The Uranium- Hafnium Syste m (D. T . Peterson and D . J . 
Beerntsen) 
A phase transformation in high hafnium alloys was found by 
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electrical resistivity measurement and identified by microscopic exami-
nation of quench alloys as a monotectoid reaction. The transformation 
temperature was found to be about 1200 ° C and the monotectoid composition 
about 50 atom.percent. Interpretation of the microstructures of these 
alloys was complicated by the presence of alpha hafnium which was 
stabilized by dissolved oxygen. The crystal bar hafnium contained 
sufficient oxygen to cause the appearance of alpha hafnium in alloys which 
in the absence of oxygen would have been one phase alloys. 
Uranium hafnium alloys containing between 13 and 7 5 atom percent 
hafnium when quenched from above 1200 o C were found to contain a phase 
which gave an X-ray diffraction pattern similar to the uranium- zirconium 
delta phase. This phase was never observed in alloys which were furnace 
cooled or quenched from below 1200°C. These alloys gave diffraction 
patterns of only alpha uranium and alpha hafnium in every case. Conse-
quently, the delta phase was assumed to be a metastable phase in this 
alloy system. Alpha hafnium was found with the delta phase in most of 
the quenched samples. The appearance of this alpha hafnium had already 
been observed by microscopic examination and attributed to the effect of 
oxygen. Alloys containing more than 75 atom percent hafnium and 
quenched from above 1200 ° C transformed to alpha uranium, alpha hafnium 
and a small percentage of delta . Samples containing less than 15 atom 
percent hafnium transformed to alpha uranium and alpha hafnium. It 
appears that the delta phase is formed during quenching in alloys over 
a considerable composition range, but outside of this range the high 
temperature solid solution transforms to the equilibrium phases. 
4. 12 Yttrium-Titanium System (0 . . N. Carlson, D. Bare 
and F. H. Spedding) 
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The study of the titanium-yttrium alloy system has been con-
tinued during this report period. Rockwell A hardness measurements 
were made on various alloy compositions to determine- the effects of the 
addition of titanium to yttrium and of yttrium to titanium upon the hardness 
of the starting materials. The addition of 5 w/o Ti increases the hardness 
of yttrium from 14 RAta 28 RA and 10 w/o Ti to 35 RA. The hardness of 
crystal bar titanium containing 440 ppm 0 2 (RA 18) was increased by 
additions of 0 . 5, 2. 0 and 7. 5 w/o yttrium to RA 20, 28 and 34, respec-
tively. A similar increase was noted with the addition of yttrium to high 
purity titanium sponge. However, the hardness of a poor quality titanium 
sponge containing 1500 ppm 0 2 was lowered from RA 50 to RA 35-40 by 
the addition of 5 w/o Y. This latter effect is believed to be due to 
gettering of the oxygen from solid solution in the titanium. 
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Thermal analysis and electrical resistance vs temperature curves 
of yttrium-rich alloys show a small arrest or break around ll00°C. Since 
this is well below the eutectic temperature of 1350°C and no changes in 
microstructure are apparent in this region, there is no obvious explanation 
for this effect. 
A series of alloys were quenched from various temperatures to 
determine the limits of primary solid solubility. At the maximum, the 
solubility of titanium in yttrium at the eutectic temperature was determined 
to be less than 1 wt.% and of yttrium in titanium less than 2 wt. %. 
4. 13 Yttrium-Magnesium System (0. N. Carlson, E. D . Gibson 
and F . H. Spedding) 
An investigation of the yttrium-magnesium system was initiated 
during this period. This system is of particular interest because of the 
importance of yttrium-magnesium intermediate alloys in the metal 
production process developed at the Ames Laboratory. Furthermore, 
because of possible application of both yttrium and magnesium to reactor 
use, knowledge of the interactions between these metals and the properties 
of their alloys would be of inestimable value. 
Alloys were prepared in sealed tantalum crucibles by mixing 
weighed amounts of magnesium and yttrium sponge at a temperature 
sufficient to form a molten alloy. Adequate mixing was assured by use 
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of an oscillating furnace. The system exhibits a eutectic at 26 w/o Y and 
570°C, and intermediate phases near the compositions of 40, 60 and 80 
w/o Y. These compounds decompose peritectically at 610, 780 and 935°C, 
respectively. A eutectoid structure is observed in a 90 w/o Y alloy with 
thermal evidence for a horizontal at 780°C in that alloy. 
4. 14 A Study of Aluminum and Niobium Alloys (H. A. Wilhelm and 
T. G, Ellis) 
Both aluminum and niobium have properties that favor their use 
in atomic reactors. Alloys of these metals might possibly prove superior 
to either pure metal in certain atomic energy applications. The first 
major problem in this study has been the preparation of the alloys . Since 
the melting point of niobium is far above the boiling point of aluminum, 
the direct co-melting of the two metals does not appear promising. 
Basic information on the Al-Nb alloy phase diagram is the next 
major objective after working out techniques for making the alloys. Work 
at present is directed toward studying the aluminum- rich end of the system 
and the nature and properties of the alloys there before working with alloys 
rich in niobium. 
Powder metallurgy techniques were tried in an effort to prepare 
the Al-Nb alloys but the results did not appear promising. A bomb process 
in which a master alloy of niobium in aluminum is first prepare,d,followed 
I 
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by a solution of the master alloy in liquid aluminum,appears to offer some 
possibilities for preparing the aluminum-rich alloys and investigations are 
continuing along these lines . 
No difficulty was encountered in preparing the master alloy. How-
ever, difficulty has been encountered in diluting this master alloy. Two 
procedures were attempted but neither has been successful yet. The 
master alloy with the required Al dilutent was placed in an MgO crucible 
within a graphite heater. This charge was then heated to and held at 
1200°C ± 50°C under 1 atm He for 1/2 hour in an induction furnace. The 
charge was then furnace cooled to room temperature. Inspection of the 
charge upon removal from the crucible showed the master alloy still 
intact at the bottom of the charge . It was deduced from this attempt that 
the charge temperature during dissolution must be considerably higher, 
possibly near the melting point of the master alloy, for the dissolution to 
have a reasonable rate. The melting temperature of the alloy is estimated 
to be approximately 1700°C. 
Since MgO reacts with graphite at high temperatures the second 
attempt used only a MgO crucible insulated with firebrick as a rea<;:tion 
vessel. The heat was supplied by an induction furnace using the Al and 
master alloy charge as a self-heater. An advantage of using this type 
of heating is the eddy currents set up within the molten metal that 
increases the mixing and dissolution rate. 
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The charge was placed in the reaction vessel and heated to 
1600 ± 50 ° C in an induction furnace under 1 atm of He . Appreciable 
vaporization of the Al occurred at this temperature . The temperature 
of the metal charge was reduced to 1200 ° ± 50 ° C and held for 1/ 2 hour. 
The charge was then furnace cooled to room temperature . Inspection 
of the charge showed some dissolution had taken place . However, a 
small piece of master alloy was still visible in the bottom of the charge . 
Further attempts to directly dissolve this master alloy withAl, 
using extended times for dissolution ,a l so proved unsuccessful. The 
reason for this difficulty is thought to be the extreme temperature 
difference between the melting points of the Al and the master alloy. 
At a temperature approaching the melting point of t he master alloy 
volitalization of the already molten Al becomes appreciable. Thus , 
melting the master alloy in the presence of Al is virtually impossible . 
All of the dissolution attempts made previously were performed 
in an induction furnace using the char ge as a self heater . An attempt 
was made to dilute the master alloy by arc-melting. The technique 
used was to strike the arc on the master alloy, melt it, and then melt 
the Al by contact with the molten master alloy. The Al, instead of 
dissolving the master alloy,t ended to form anAl cladding around the 
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master alloy. A probable reason for this Al cladding is that the Al vola-
tilizes at a temperature lower than the melting point of the master alloy. 
Thus, the master alloy lays in the molten Alas a solid rather than a 
liquid. 
The arc-melting method for dissolving the master alloy in Al has 
been abandoned. Further investigations will consist of attempts to make 
master alloys that are richer in aluminum and some of the aluminum-
rich alloys direct! y by the bomb reduction method. 
4 . 15 The Solubility of Thorium in Vanadium (D. E. Williams, 
and P. E. Palmer) 
Melting point, temperature-resistance, metallographic and X- ray 
data were collected in an attempt to determine the solubility limits of 
thorium in vanadium. 
Several melting-point determinations of the lo/o and 2% thorium 
alloys were made. While one specimen of the 2o/o thorium alloy melted 
near the temperature of the eutectic horizontal, 1415 ° C, most of the 
other specimens of these alloys were found to melt about 300°C above 
the eutectic temperature. A melting point of 1830°C was obtained for 
the crystal-bar vanadium being used in this investigation. 
The temperature-resistance data were obtained using apparatus 
containing purified helium to prevent excessive vapori,zation of vanadium 
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at elevated temperatures. The plot of electrical resistance vs. temperature 
for the 2o/o thorium alloy exhibited an anomaly at 1415°C, the eutectic 
temperature. A large number of the resistance runs were unsuccessful 
due to the reaction of the thermocouple or potential leads with the specimen. 
Metallogr,aphic investigation of vanadium- rich alloys which had 
been annealed at 1015 o C for 70 hours and then cooled slowly to room 
temperature indicated no solid solubility. All the alloys subjected to 
this treatment were found to have two phases . 
The ~ray investigation with a precision back-reflection camera 
confirms other data which suggest virtually no solubility of thorium in 
vanadium at room temperature. A high-temperature X-ray camera was 
set up for use in the investigation. Most of the period was required to 
J?lace the camera and associated vacuum and heating equipment in 
operating condition. 
The results obtained from the solubility studies indicate no 
measurable terminal solid solution on the vanadium-rich end of the 
diagram at room temperature. The maximum solubility of thorium in 
vanadium is probably less than 2o/o at 1415 o C ,although this value is still 
uncertain. 
4. 16 Barium-Barium Hydride System (D. T. Peterson and 
M . Indig) 
An investigation of the Ba-BaH2 system was started to provide 
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basic information on metal-metal hydride systems . As BaH2 is a saline 
hydride, a phase system similar to those formed by barium with barium 
halides was expected. 
Thermal analysis was used to obtain data on melting temperatures 
and other transformations . A thermal analysis capsule made of type 304 
stainless steel was developed with which thermal analyses could be made 
up to 1050°C without loss of barium or contamination of the sample . Barium-
barium hydride samples were prepared by placing a weighed amount of 
barium -in a capsule, reacting the barium with the necessary quantity of 
hydrogen at 250-300 ° C and sealing the capsule by welding . The thermal 
analysis capsule was placed in a quartz tube during the thermal analyr;;is 
run to :reduce the loss of hydrogen from the sample . The results of the 
thermal analyses are given in Table XI. The melting temperature of the 
Table XI 
Thermal Arrests in Ba-BaH2 Samples 
Composition Thermal Arrests 
Atomic Percent Hydrogen Melting Solid Transformations 
0 
13. 4 
21. 6 485°C 
34. 1 
47 . 2 89PC 602°C 
63 . 5 <980°C 
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samples increased continuously from the melting point of pure Ba . This 
inJ icates that BaH2 is in soliQ. solution in barium over a wide composition 
range . The transformation which gives the lower thermal arrest has not 
been identified. Specimens containing barium cannot be examined by 
conventional metallographic methods because barium is too reactive . 
Even in a glov e box, a fre e barium surface becomes tarnished in a few 
minutes 0 However, examination of the surface of the 13o 4% and 47 o 2o/o 
hydrogen samples, prepared by polishing with fine abrasive paper in a 
glove box, indicated that the former was one phase while the latter 
contained two phases . 
5 . Solid State Investigations 
5. l . Magnetic Susceptibility of Thorium Metal (J. F. Smith and 
J. D . Greiner) 
The magnetic susceptibility of crystal bar thorium has been 
measured in the temperature range 130-300 ° K. The measur.ed values 
are shown in the accompanying .table. No field dependence, and hence 
no indication of ferromagnetic impurity, was observed. Measurements 
on samples.at room·temperature cut from a rod in the 'as prepared' 
condition agree with :r:neasurements on arc melted material within the 
prec ision of measurement . 
70 
Table XII 
Magnetic Susceptibility of Thorium Metal 
Temperature Mass Susceptibility 
(OK) (e , m . u . /gm. ) 
136 0. 411 ::t: 0. 009 
151 0. 401 0.006 
209 0. 407 0. 001 
256 0 . 409 0.002 
257 0. 418 0 . 006 
276 0.411 0. 001 
279 0. 412 0.002 
291 0. 410 0.003 
300 0.411 o. 001 
Average 0. 410 ::t: 0. 002 
5 . 2 Thermal Expansion of Calcium Metal (J. F. Smith and 
B. T. Bernstein) 
The linear coefficients of thermal expansion of calcium metal 
have been measured for f . c. c. calcium and b. c . c . calcium. The 
determination was accomplished by comparing measured values of the 
d- spacings from individual X- ray reflections at different temperatures. 
The diffraction data were taken on a geiger- counter diffractometer 
modified for high temperature work. The apparatus allows the use of 
bar specimens which can be maintained under an inert atmosphere of 
purified helium. Values of 2 e were measured with a precision of 
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± 0. 025 degrees . Values of the d-spacings computed from the 2e· measure-
ments were fit to the equation 
dhk1 = dO, hkl {l + a T) 
by the method of least squares. Values for the linear coefficient of thermal 
expansion of the f. c . c . phase are shown in Table XIII. Each value is based 
Table XIII 
Measured Coefficients of Thermal Expansion 
for F . C . C. Calcium 
hkl ax 106 per oc Temp. Range ( o C) 
511 22.4± 0.4 26 - 371 
531 22 . 5±0.4 26 - 371 
" 
600 21 . 9 ± 1. 2 26 - 164 
620 21 . 9 ± 0. 6 26 - 253 
533 22. S ± i).2 26 - 253 
average 22. 3 ± 0. 2 
upon five to nine experimental points. The greater thermal attenuation 
of intensity for higher angle reflections accounts for the trend toward 
narrowing temperature range and reduced precision with increasing 
Bragg angle 
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In the case of the b. c. c. phase, the effect of thermal attenuation 
was so severe that only the (211) reflection persisted at elevated temper-
atures with sufficient intensity and with a significantly large shift in 
position to be usable to calculate a meaningful coefficient of thermal 
expansion. The value obtained from the (211) reflection in the range 
467-603°C was (33 . 6 ± 1. 6) x 10- 6 per •c. A very rough check of this 
value was obtained from the only two reliable d 310 values which were 
obtained at 467 o C and 523 • C. Calculation of the expansion coefficient 
from these two points gave a value of 33 x 10-6 per °C. 
The measured values for the linear coefficient of expansion 
for the f. c. c. phase are in good agreement with the values of 
22. 52 x 10- 6 per oc reported by Erfling5 for the range 20-40°C and 
of 22.0 x 10-6 per oc reported by Cath and Steenis 6 for the range 
0-300oc but is somewhat lower than the value of 25 x 10- 6 per •c 
obtained by Bridgman. 7 All three of these latter values were obtained 
5 . H. Erfling, Ann. Physik 41, 467 (1942) . 
6 . P. G . Cath and 0 . L. V. Steenis, Z. Tech. Physik 17, 239 (1936). 
7. P . W. Bridgman, Proc . Am. Acad. Arts Sci. 56, 60 (1920). 
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by dilatometric measurements. No expansion data were available for 
comparison with the present value for the b. c. c. phase. 
Reference values for the lattice parameters were obtained by 
0 
extrapolation. · A value, a (26°C) = 5. 5884 ± 0 . 0002 A, was obtained for 
0 
0 
the£. c. c. phase and a value, a 0 (467°C) = 4. 480 ± 0. 005 A, was obtained 
fortheb . c. c . phase . 
5 . 3 Measurements of Elastic Constants of Metal Single Crystals 
(J. F . Smith and C . L. Arbogast) 
5. 3. 1 Beryllium 
Measurements of the five independent elastic constants of single 
crystalline beryllium as a function of temperature are in progress. These 
n:easurements are being made by the pulse-echo technique, and the apparatus 
has recently been modified to use an unrectified pulse in order to obviate 
the necessity of, using a transit time correction. In Fig. 4 are shown the 
' thr~e transit times which hav e .so far been measured as a function of 
temperature . The precision of each measured value is of the order of 
0. 2%. Elastic constants calculated from the values indicated by the 
smoothed transit time curves are tabulated in Table XIV. In agreement 
I 
with what tnight b e exp ect e d b e cause of the very high Debye, temperature 
of beryllium, the e lastic constants ar e observed to approach constant 
values below about .200°K. 
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Table XIV 
Three Elastic Constants for Beryllium Single Crystals 
(all in units of 1011 dynes/cm2) 
Temperature l/2(cu - cl2) c33 ell (oK) 
300 13. 17 31. 79 28.69 
280 13. 27 32.08 29.00 
260 13. 35 32.25 29.21 
240 13. 40 32. 38 29. 38 
220 13. 42 32.44 29.46 
200 13.44 32.44 29.55 
180 13.45 32.44 29.56 
140 13.45 32i 44 29.56 
100 13.45 32.44 29.56 
77 13. 45 32 . 44 29.56 
4.2 29.56 
5. 3. 2 Yttrium (0. N. Carlson and E. D . Gibson) 
Attempts to grow large single crystals of yttrium for us~ in the 
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measurement of elastic constants by ultrasonic methods and ,to study the 
deformation modes in the metal were made during this period. Solid 
state annealing methods were used be.cause of the crucible contamination 
of yttrium during melting. Both strain annealing and annealing of arc 
cast material were tried. Annealing times varied from five to forty-
eight hours and various size specimens ranging from one inch in diameter 
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to one-quarter inch in diameter were used in the experiments. No consistent 
results were obtained in these tests even in successive runs under identical 
conditions. The one successful growth of a large single crystal was an 
anneal at 1275°C for twenty-four hours of a one-half inch diameter rod 
which had been given no previous strain treatment. It appears that large 
grain growth is limited to certain specific crystallographic directions in 
yttrium and that successful growth of single crystals depends on this 
orientation. 
5. 4 Structure of u2 zn17 (D. Peterson and C. L. Vold) 
The structure of UzZn17 is being investigated as this compound has 
been found to have at least two crystalline modifications and the compound 
is important in some pyrometallurgical separation processes. A number 
of single crystals of this compound have been examined by X-ray diffraction. 
All of the patterns could be indexed on the basis of hexagonal unit cells 
0 0 0 0 0 
with a 0 = 8. 96 A and c 0 = 9. 0 A, 13.5 A, 18.0 A or 27 . 0 A. The variable 
periodicity of the lattice in the c direction can be explained by assuming 
0 
different stacking sequences of a basic 4 . 5 A layer. Diffraction intensities 
from these crystals are being measured so that the structure of this phase 
can be determined. 
5 . 5 Low Temper a t u r e Mechanical Properties of Vanadium 
(0 . N . Carlson, G. Smit h , S . Bradford and A . Eustice) 
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· As was repor ted p r eviously, crystal bar vanadium metal undergoes 
a change from ductile t o b rittle fract u r e at about - 100 ° C . At still lower 
temperatures, - 140 " t o -190 " C , the metal exhibits some ductility. Previous 
data indicate t hat the addi tion of hydrogen t o vanadium raises the brittle-
ductile transition ·t emperat ure sharply. The role of hydrogen in the brittle-
ductile t-ransition of vanadium is being investigated in detail. This is 
presently being carried out by internal friction measurements on vanadium 
as a func t ion of hydrogen content and t emperature. The apparatus for 
these studies is n ow being t ested. 
T he effect of varying t he s train rate up on t he brit tle-ductile 
trans i t ion was s t udie d over t he r a n g e of 0 . 00 5 t o 40 in/ in/ minute. The 
t ran sit ion t emp e ratu r e was n ot found t o vary sign ificantly with strain 
r a t e , a t least in the ran ge inves tigated. I t was observed, however, that 
vanadium exhib i t s du ctility at t he high s train rates ( 4 to 40 in / in/min) at 
t emperatu r es b elo w ~ 100 " C whereas brittle fracture occurs at this 
temperature and . bel ow a t t he slower strain r a t es . At all strain rates 
there is a sharp decreas e in t he de g ree o f ductility at the transition 
tempera t u re . 
The investigation o f the b rittle - duc t ile tra n s i t i on in vanadium-
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niobium alloys was initiated during this period. Since both metals have been 
reported to exhibit brittle-ductile transitions, and since they form a continuous 
series of body centered cubic solid solutions, this system was chosen for a 
study of the behaviour of the brittle-ductile transition across a binary sub-
stitutional solid solution region. 
A bend test was selected to determine the transition temperature of 
the various V -Nb alloy compositions. Since it is known that degree of cold 
work, grain size and other variables may effect the results of a bend test, 
all specimens were cold rolled and annealed to produce a uniform grain 
size and to remove residual stresses. The following experiments were 
performed to determine the recrystallization temperature of niobium and 
vanadium. Sections of arc-melted butto.ns of vanadium and niobium were 
cold rolled into 40 mil plates. This represented a reduction in cross-
sectional area of greater than 90 percent. The recrystallization t ·empe·ra-
ture was determined by heating these bars under vacuum for 4 hours with 
a temperature gradient along the specimen. The results of these experi-
ments indicate that both niobium and vanadium require annealing at 
temperatures of approximately l300°C to bring about complete recrys-
tallization. 
• 
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6 . Other Investigations 
6.1 Vacuum Fusion Analysis of Metals (D. T. Peterson and 
M . Indig) 
The samples of yttrium metal to which knpwn amounts of nitrogen 
had been added were analysed by vacuum fusion. The results are shown 
in Table XV. The base metal from which the samples were prepared 
Table XN 
Recovery of Nitrogen in Vacuum Fusion Analysis of Yttrium 
Metal 
Moles of N2 Moles.oiN2 Percent Recovery 
Added Recovered 
3 . 95 x w- 5 5. 94 x w- 5 1500/o 
4. 43 x w- 5 6. 23 x w- 5 141 o/o 
5. 84 x w- 5 8. 48 X 10 -5 1450/o 
6.81 xl0- 5 6. 4'6 x w- 5 9 5o/o 
contained 2 . 21 x 10- 4 moles o:£ oxygen and nitrogen per gram. As the 
weight of the samples was about 2 grams, the amount of gas evolved 
from the base ·metal was much greater than the amount of nitrogen which 
was added. Consequently, a variation of one percent in the total percentage 
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of gas recovered would make a 10 percent variation in the nitrogen recovery 
percentage . A variation of five percent in vacuum fusion results is usual 
and explains the large variation in the nitrogen recovery. In order to 
determine this recovery accurately, it would be necessary to use yttrium 
metal containing less oxygen because the amount of nitrogen which can be 
added is limited by difficulties in charging . 
6. 2 Reaction of Barium with Calcium Chloride (D. T. Peterson, 
J. A. Hinkebein and E. W. Johnson) 
A report on the results of this investigation has been written and 
has been accepted for publication in the Journal of Physical Chemistry. 
The title of the paper is "Equilibrium in the Reaction of Barium with 
Calcium Chloride" . 
The reaction of barium with calcium chloride in the liquid state 
was investigated by quenching and analysing equilibrated samples and 
by thermal analysis . The reaction appeared to obey the ideal law of 
mass action over a large part of the salt composition range. The 
equilibrium constant at 900 o was 116 and at 9 50 °, was 87. The solubility 
of metal in the salt phase varied with composition in a ma.nner which 
indicated that this solubility was controlled by the compositio.n of the 
liquid metal phase. The solubility of metal chloride in the liquid metal 
decreased from the solubility of calcium metal to a minimum at 0 . 1 mole 
fraction barium and then increased to the value for barium. 
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6. 3 Distribution of Silver Between Liquid Lead and Liquid Zinc 
(D. T. Peterson and R. Kontrimas) 
The concentration range over which the distribution coefficient has 
been determined at 508 ° C has been extended to 8. O% silver in the zinc phase. 
As a result of an improvement in the design of the filter pipette used to 
sample the liquid lead and zinc, the experimental scatter of the values 
found for the distribution constant has been decreased. The apparent 
decrease in the distribution constant with increasing silver content has . 
been shown to be due to the entrapment of zinc in the lead sample. The 
average value of 23 measurements of the distribution coefficient at 508;°C 
was 81 ± 8 . The distribution coefficient did not change with silver concen-
tration up to 8. O% silver . The investigation cannot be extended to higher 
concentrations of silver as the solubility of silver in zinc is about 8% at 
6 . 4 Absorption of Hydrogen by Thorium (D. T. Peterson and 
D. G. Westlake) 
The rate of absorption of hydrogen by thorium at constant pressure 
and temperature was measured from 450 to 700°C at pressures up to 400 mm. 
The rate of absorption followed the parabolic rate law. This indicated that 
the rate controlling step was the diffusion of hydrogen through a protective 
hydride surface layer. The reaction rate was independent of pressure at 
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-l 5CoC but became somewhat pressure dependent at higher temperatures. 
T l1e tern perature dependence of the absorption rate at constant pressure 
can be expressed by an Arrhenius type equation. The diffusivity of 
hydrogen in thorium hydride cannot be cal~ulated because of conce.ntration 
gradient in the hydride layer is not known. The rate of absorption was the 
s a1ne fo r annealed crystal bar thorium, as-swaged crystal bar thorium 
and annealed Ames thorium. 
6. 5 Solubility of Thorium Dihydride in Thorium Metal (David T. 
Peterson and D. G. Westlake) 
The saturation solubility of thorium dihydride in thorium was 
studied by saturation of samples and subsequent analysis. The ·solubility 
increased from about 1 at pet at 300°C to above 20 at pet at 800°C. Over 
this temperature range the log of the solubility was a linear function of 
the reciprocal absolute temperature for thorium of good purity. The heat 
of solution of thorium dihydride was found to be 7. 9 kcal per atom of 
hydrogen in crystal bar thorium and 6. 6 kcal per atom of hydrogen in 
Ames thorium. 
6. 6 The Effect of Th02 on Thorium-Hydrogen Equilibrium 
(D. T. Peterson and J. Rexer) 
The effect of Th02 on thorium-hydrogen equilibria was investigated 
to determine whether Th02 was responsible for the variation in hydrogen 
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equilibrium pressure with composition in the region where thorium metal 
and thorium hydri,:ie coexist. This variation has been reported by two 
independent investigations and did not appear to be due to temperature 
gradients nor experimental errors. The equilibrium hydrogen pressure 
at 700 oc over Ames thorium (1. 1% ThOz) and thorium containing 4. O% 
Th02 was determined up to the composition of the lower hydride. The 
variation of the equilibrium pressure with hydrogen content in the two-
phase region that had been previously reported for Ames thorium was 
verified. The sample containing 4. O% ThOz did not show this variation. 
The variation seems to be due to Th02 dissolved in thorium hydride. 
In Ames thorium, the first hydride which is formed,is saturated with 
Th02 and has a lower dissociation pressure. As more hydride is 
formed, the concentration of Th02 in the hydride decreases and the 
dissociation pressure increases . The sample containing 4. O% Th02 , 
on the other hand, has enough Th02 to keep the thorium hydride 
saturated and no variation of the equilibrium pressure was observed. 
This hypothesis was confirmed by microscopic examination of samples 
of thorium dihydride . These samples did not contain the globules of 
ThOz which were present in the metaL Decomposition of the hydride 
produced thorium metal in which the Th02 was present as a very fine 
dispersion rather than large glohtl,~es or dendrites. 
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6. 7 The Effect of Hydrogen on Tensile and Impact Properties of 
Thorium (D. T. Peterson) 
The results of this investigation were presented at the Third Annual 
Reactive Metals Conference, AIME, and will be published in the proceedings 
of that meeting. 
The effect of hydrogen on the room temperature tensile properties 
and impact strength of Ames thorium was determined. The samples were 
charged with hydrogen at 800 ° C and tested in the slow cooled and in the 
quenched condition. The ductility of thorium in these tests was not reduced 
by small additions of hydrogen,but large concentrations of hydrogen decreased 
the impact values and the reduction in area of tensile samples. The 0. 2 pet 
offset strength of slow cooled samples was decreased by additions of hydro-
gen. The quenched samples increased in hardness and offset strength with 
hydrogen content. Quenched samples were found to have the same ductility 
as slow- cooled samples . 
6 . 8 Mechanical Metallurgy of Yttrium Metal (0. N. Carlson, 
E. D . Gibson a~nd F. H. Spedding) 
With the acquisition of a new Tinius - Olsen Universal Tensile Testing 
Machine an investigation of the tensile properties of yttrium metal was 
initiated. The investigation includes a determination of the effects of various 
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alloying additions or impurities upon the ductility and strength of yttrium 
metal. Work has been started on the preparation of tensile specimens and 
on a study of a treatment to control the grain size in the various specimens. 
In an effort to correlate hardness vs. oxygen content of yttrium 
metal, tests were run on nineteen experimental ingots differing in oxygen 
content from 1000 to 9600 ppm. The Brinell hardness using a 10 mm ball 
indenter and a 500 kg load was measured on each specimen. Graphical 
plots .of hardness vs . oxygen content, carbon, nitrogen, titanium and 
total impurity contents showed only general trends but-no smooth curves 
could be drawn from the data . Observations that hardness increases with 
increasing oxygen and carbon content and that hardness decreases with 
titanium content up to a 1 w/o Ti addition were made during the course 
of testing. A marked degree of anisotropy in hardness was also noted 
since different results were obtained with transverse sections than with 
longitudinal sections of the same ingot. This anisotropy was also noted 
in the elliptical nature of the hardness indentations . No correlation of 
hardness to any specific impurity could be made due primarily to the 
wi de variation in total impurity content of tP,e ingots tested. 
6. 9 Some Metallographic Observations on ·Yttrium Metal 
(0. N . Carlson, D . T . Eash and F. H. Spedding) 
A large number of etchants were tried on yttrium metal. Solutions 
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containing HN03 as the active agent were the most satisfactory. The 
principal impurity phase in the grade of yttrium used in the investigations 
was identified as Yz03 . 
ISC-867 
ISC-907 
ISC-941 
ISC-943 
ISC-944 
ISC-945 
ISC-946 
ISC-947 
ISC-975 
ISC-976 
ISC-977 
ISC-978 
87 
APPENDIX I: LIST OF REPORTS FROM THE AMES LABORATORY 
1. Reports for Cooperating Laboratories 
Riley Schaeffer and Hampton Smith. Isotopic Equilibria 
of Nitrosyl Chloride. 
R. D. Redin. Thermomagnetic and Galvanomagnetic Effects. 
Robert E. Eberts and F. H. Spedding. Relative Apparent 
Molal Heat Contents of Some Rare-Earth Chlorides and 
Nitrates in Aqueous Solutions. ' 
Marlowe Iverson and F. R. Duke. Complex Metal Halides 
in Fused Alkali Nitrates. 
Richard Fleming and F. R. Duke. Transport Numbers and 
Ion Mobilities in the Fused Salt KCl-PbCl2. 
William J. Lane and J. s. Fritz. Metal-Indicator Systems 
in (Ethylenedinitrilo)tetraacetic Acid Titrations. 
Wilfred G. Borduin and G. S. Hammond. Substituent 
Effects of the Stability of Metal Chelates. 
John J. Barghusen and M. Smutz. Processing of Monazite 
Sands. 
Ames Laboratory Staff. Physics. Semi-Ann~al Summary 
Research Report. July-December, 1957. · · 
Ames Laboratory Staff. Chemistry. Semi-Annual Summary 
Research Report. July-December, 1957. 
Ames Laboratory Staff. Metallurgy. Semi-Annual Summary 
Research Report. July-December, 1957. 
Ames Laboratory Staff. Engineering. Semi-Annual 
Summary Research Report. July-December, 1957. 
ISC-979 P. Chiotti. Metallurgical Development for 
Hanford Program. Semi-Annual Report. July-December, 1957. 
ISC-1030 R. G. Barnes. Bibliography of Titles of Articles in 
the Field of Nuclear Quadrupole Resonance Spectroscopy 
of Solids. 
ISC-1037 Benny A. Loomis and 0. N. Carlson. 
Transition in Vanadium. 
Brittle-Ductile 
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APPENDIX II: LIST OF SHIPMENTS 
Destination Item 
University of California 
Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 
State University of Iowa 
Iowa City~ Iowa 
u. S. Bureau of Mines 
Albany, Oregon 
Ohio State University 
Columbus, Ohio 
Midwest Microlab, Inc. 
Indianapolis, Indiana 
Brown University 
Providence, Rhode Island 
6 thulium pellets 
20 gm thulium metal 
100 gm thulium oxide 
20 gm lutetium metal 
100 gm lutetium oxide 
10 gm lanthanum metal 
10 gm cerium metal 
10 gm praseodymium metal 
10 gm neodymium metal 
10 gm samarium metal 
10 gm gadolinium metal 
50 gm lanthanum oxide 
50 gm cerium oxide 
50 gm praseodymium oxide 
50 gm neodymium oxide 
50 gm samarium oxide 
50 gm gadolinium oxide 
50 gm ytterbium oxide 
20 gm terbium oxide 
10 gm thulium oxide 
10 gm lutetium oxide 
150 gm dysprosium metal 
100 mg erbium oxide 
100 mg cerium oxide 
100 mg praseodymium oxide 
100 mg neodymium oxide 
100 mg samarium oxide 
100 mg europium oxide 
100 mg gadolinium oxide 
100 mg terbium oxide 
100 mg dysprosium oxide 
100 mg holmium oxide 
100 mg ·erbium oxide 
100 mg thulium oxide 
100 mg ytterbium oxide 
100 mg lutetium oxide 
1 pkg. organo metallic 
compound 
1 lanthanum cylinder 
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Dr. Joseph Graca 
Iowa State College 
Ames, Iowa 
Duke University 
Durham, North Carolina 
Battelle Memorial Institute 
Columbus, Ohio 
Carnegie Institute of Technology 
Pittsburgh, Pennsylvania 
General Electric Research Laboratory 
Schenectady, New York 
University of Arizona 
Tucson, Arizona 
Syracuse University 
Syracuse, New York 
5-200 mg pellets each of 
yttrium metal 
lanthanum metal 
cerium metal 
neodymium metal 
gadolinium metal 
ytterbium metal · 
dysprosium metal 
150 pellets, 100 mg each of 
yttrium metal 
cerium metal 
neodymium metal 
gadolinium metal 
dysprosium metal 
ytterbium metal 
cylinders of neodymium 
metal as follows: 
6 1• x 2 .. diam. 
6 1/2• x 2•· diam. 
6 1/4• x 2~ diam. 
6 1/8• x 2• diam. 
50 gm dysprosium metal 
5 gm lanthanum 'metal 
200 gm yttrium metal 
20 gm neodymium oxide 
491 gm calcium 
